The development and maintenance of mitochondrial heteroplasmy has important consequences for both health and heredity. Previous studies using pathogenic mutations have shown considerable variability between maternally related individuals and studies of several D-loop polymorphisms have suggested a relationship between heteroplasmy and somatic aging. To broadly explore the variation of human heteroplasmy and to clarify the dynamics of somatic heteroplasmy over the course of lifespan, we analyzed mitochondrial sequence variation across a range of ages. We utilized array-generated single-nucleotide polymorphism data that were well correlated with independent measures of heteroplasmy. Significant levels of heteroplasmy were identified at 0.24% of sites evaluated. By examining mother -child pairs, we found that heteroplasmy was inherited (30%) but could occur de novo in offspring or, conversely, be present in mothers but eliminated in their children (70%). Cumulatively, mitochondrial heteroplasmy across the genome increased significantly with advanced age (r 5 0.224, P 5 8 3 10 230 ). Surprisingly, changes in heteroplasmy were not uniform with some sites demonstrating a loss of variation (increased homoplasmy) with aging. These data suggest that both mutation and selective pressure affect blood mitochondrial DNA sequence over the course of the human lifespan and reveal the unexpectedly dynamic nature of human heteroplasmy.
INTRODUCTION
Variations within mitochondrial DNA (mtDNA) sequence give rise to heteroplasmy, defined as the presence of multiple distinct mitochondrial sequences within an individual. Heteroplasmy is a clinically significant state, since the severity of many mitochondrial disorders is dependent upon the ratio between wild-type and mutant sequences, with progressively more severe symptoms emerging as the ratio of mutated to normal genomes rises (1) . Indeed, human mitochondrial heteroplasmy was first identified in studies of mitochondrial disease genetics where variable levels of deletions (2) or mutations (3) were noted in affected patients. However, heteroplasmy is not necessarily a pathogenic state. Heteroplasmic variations without apparent functional consequence are observed in samples from populations without overt mitochondrial disease (4) . The frequency of heteroplasmy has been estimated in two studies of the hypervariable regions of mtDNA that found that .10% of individuals were heteroplasmic within these regions (5, 6) . A recent study using deep sequencing of the complete mitochondrial genome found that 25% of individuals had a heteroplasmic site across the entire genome (7) .
Changes in heteroplasmy between generations have also been well described (8) . For example, mutations not clinically detectable in one generation may cause disease in offspring because of changes in the mutation level between generations (9,10). Studies of the mitochondrial bottleneck, a constriction of mtDNA copy number between mother and offspring, have given a plausible explanation for rapid shifts in heteroplasmy (11) .
In addition to shifts in heteroplasmy observed between generations, mitochondrial allelic frequencies vary within the individual. In studies of multiple tissues from the same * To whom correspondence should be addressed. Tel: +1 2674265033; Fax: +1 2155903850; Email: sondheimer@email.chop.edu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com individual, differing degrees of heteroplasmic variation have been detected, suggesting that heteroplasmy is non-uniform at a tissue or cellular level (8, 12) . Furthermore, the level of heteroplasmy has been shown to change over time. In patients with the mitochondrial encephalopathy, lactic acidosis and stroke-like episodes (MELAS) syndrome, the level of the pathogenic A3243G mutation detected within the blood declines with age, possibly due to counter-selection of cell lines bearing the mutation (13, 14) .
Several investigations have noted an association between increases in human mitochondrial heteroplasmy and aging. This includes pathogenic heteroplasmies, such as a large common deletion in mtDNA (15, 16) , but also seemingly benign deletions or polymorphic variants (6, (17) (18) (19) (20) (21) (22) . Most of these latter heteroplasmies are within the control region of mtDNA, the non-coding segment containing sequences required for replication and transcription. One study has suggested that some heteroplasmies may be beneficial and are inherited by long-lived individuals and their offspring (23) and other studies have failed to identify a link between mutational load and age (5, 24, 25) .
Interest in the role of mitochondrial dysfunction and mitochondrial mutation in aging has been longstanding (26) . The identification of aging phenotypes in transgenic mice with an error prone mtDNA polymerase suggests that mitochondrial mutations may cause age-related pathology (27, 28) . However, the cause and effect relationship of these mutations continues to be controversial.
To understand the variation of mitochondrial heteroplasmy at high resolution and to assess the variability of mitochondrial mutations over the human lifespan, we have evaluated trends in heteroplasmy at a large number of neutral mitochondrial sites across a broad range of ages.
RESULTS

Validation of array-based quantification of heteroplasmy
Single-nucleotide polymorphism (SNP) data generated by genotyping arrays (Illumina) were obtained from blood samples of over 2400 individuals including 625 motherchild pairs. None of the individuals in the data set had confirmed or suspected mitochondrial disease. For analysis, we define a major and minor allele for the entire study population, where the majority of individuals within the data set have a predominance of the major allele. The array covers 138 sites within the mitochondrial genome, with an average density of one site per every 120 nucleotides. None of the polymorphic sites evaluated by the array has been conclusively linked to any mitochondrial disease, and with a single exception (2485C) each of the alleles was predominant in at least one individual within the data set.
To validate the array methodology for the detection of heteroplasmy, we compared array-generated data with that obtained using other techniques for heteroplasmy detection. Restrictionfragment length polymorphism (RFLP) analysis using radiolabeled PCR (last-hot-cycle PCR) correlated well with array-based sequence at highly heteroplasmic sites (Fig. 1A) . However, very low levels of heteroplasmy that were identified by the SNP array were frequently not seen in last-hot-cycle PCR. To determine whether this was due to a limitation of last-hot-cycle PCR or a false detection from the array, we also compared array-generated results to allele-specific quantitative PCR (qPCR). qPCR was capable of detecting much lower levels of heteroplasmy than last-hot-cycle PCR and these closely correlated with those obtained from the SNP array (Fig. 1B) . Four additional sites were investigated by qPCR and four by last-hot cycle PCR and similar correlations with array genotype were found (data not shown).
In order to evaluate the stability and reproducibility of array-based mitochondrial genotypes, we examined data from several samples (n ¼ 28) where replicate microarrays were performed. Repeated array values had an average interassay genotype correlation of 0.9996 (data not shown) confirming the precision of array-based genotyping for mitochondrial SNPs.
Error limitation and description of overall heteroplasmy
We subsequently used array data to calculate the frequency of heteroplasmic sites in the study population. A principal concern in using any technique for the detection of heteroplasmy is to avoid systematic errors that cause an unacceptably high rate of false positive detection. To determine a baseline for variability of array genotyping, we analyzed homozygous genotype calls at 100 randomly selected nuclear SNPs in our study population. Homozygosity at nuclear SNPs should provide array-generated genotype frequencies close to zero or one, similar to the expected value for homoplasmic mitochondrial SNPs. Thus, the divergence from zero or one for homozygous nuclear positions approximates technical error. The mean genotype value for sites with a predicted value of zero was 0.00474. Thus, to exclude false discovery when evaluating heteroplasmy, we set a cutoff of this mean plus five standard deviations and accepted a value as heteroplasmic if both genotypes were present at .5.4% frequency.
Despite this strict criterion, a high level of total heteroplasmy was identified (2.5% of all sites) and several mitochondrial sites were clearly overrepresented (Supplementary Material, Table S1 ). The use of other fixed thresholds gave similarly skewed results because of site-specific differences. To correct this, we required the genotype frequency to be more than five standard deviations from the mean of all individuals at that site in addition to being greater than the 5.4% threshold defined by the nuclear SNPs (Supplementary Material, Table S2 ). Using this combined threshold, 0.24% of individual sites were heteroplasmic, and 16.8% of the individuals within the data set had at least one heteroplasmic site.
Inheritance of heteroplasmy in mother -child pairs
We evaluated positions that exceeded the heteroplasmy threshold for either individual within mother -child dyads to determine how frequently heteroplasmy was inherited and how often it was de novo or not transmitted between generations. Within our 625 dyads, we identified 224 heteroplasmies, 115 in mothers and 109 in children (Fig. 2 ). There were 30 instances in which both mother and child were exceeded the threshold for heteroplasmy at the same position.
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Therefore, maternal heteroplasmy is powerfully influential on the genotype of offspring (P , × 10 26 by random permutation, correlation between mother and child 0.96). However, heteroplasmy can also emerge or regress. We found the mean value of the inherited maternal heteroplasmies was significantly higher than the mean value for maternal heteroplasmies that were not inherited (Supplementary Material, Table S3 ). This effect was predictable since lower level heteroplasmies would be less likely to fix and would more frequently drift back towards a homoplasmic state in the next generation.
Correlation of heteroplasmy and age
The relationship between heteroplasmy and age at each of the sites was analyzed across the study population. We calculated an average level of heteroplasmy in each individual studied using data from all 138 sites. This measure of average heteroplasmy was positively correlated with age (r ¼ 0.224, P ¼ 8.6 × 10
230
, Fig. 3A) . The relationship derived from this correlation infers that individuals experience a rise in heteroplasmy at the studied positions by a factor of 1.7 from infancy over the course of a typical 70-year lifespan. Similar relationships are not observed in the evaluation of randomly selected nuclear SNPs suggesting that this is not a feature of nuclear DNA (data not shown).
When mitochondrial positions detected on the array were analyzed individually, there was a positive correlation between age and heteroplasmy at 75% of the sites (Table 1 and Supplementary Material, Table S2 ). This is demonstrated by the data at position 13 650 in individuals with the major allele (C13650, Fig. 3B ). As individuals age, there is an increase in the level of heteroplasmy. This correlation is perceptible despite the presence of large numbers of essentially homoplasmic individuals across the entire age spectrum. All transition mutations were equally well correlated with aging, suggesting that there was no preference for particular transition heteroplasmies to develop. There was a reduction in age-associated rise in heteroplasmy at sites encoding rRNA compared with all other sites (Spearman r ¼ 0.05 versus 0.19 for all other sites; P ¼ 0.0042). There were no significant differences in age-related heteroplasmy trends between synonymous and non-synonymous changes in coding sequence.
Surprisingly, at 10% of sites studied, the correlation of age with heteroplasmy was reversed (Supplementary Material, Table S2 ). An example of this negative correlation is seen in individuals with the C10915 allele, where the population became less heteroplasmic at more advanced age (Fig. 3C) . The disappearance of heteroplasmy at some sites and not others suggests that not all of the polymorphisms are treated in an equivalent fashion, even though most of them represent synonymous changes or alterations in rRNA or tRNA sequences with no known pathogenic association. Mothers who transmitted their heteroplasmy or had offspring with homoplasmy for the other allele (black squares) were significantly more heteroplasmic than mothers who did not transmit heteroplasmy (grey squares) (17.9 versus 11.1%, P , 1× 10 24 by t-test).
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Polymorphisms with divergence at major and minor alleles
At most of the sites where sufficient numbers of individuals were available to assess heteroplasmy at the minor allele, we observed an increase in heteroplasmy regardless of which allele was evaluated, suggesting that the two alleles are not treated in a distinct fashion (Supplementary Material, Table S2 ). However, at positions 1440 and 11467, one of the two alleles became more common regardless of the initial genotype. This occurred because the populations in which the major and minor allele predominated had opposing changes in heteroplasmy in relation to age. For individuals where the major G1440 predominated, we found decreasing heteroplasmy in older individuals (Fig. 4A ). In the smaller subset where A1440 predominated, there was increased heteroplasmy in older individuals (Fig. 4B) . The population as a whole converges towards the G1440 allele regardless of the initial genotype. A similar, although less robust, trend was seen at 11467 where there was convergence towards the minor allele ( Fig. 4C and D) . The data from these sites suggest that it is possible to perceptibly shift allele frequencies within a population, even over the time frame of the human lifespan.
DISCUSSION
In these studies, we have evaluated the frequency and degree of heteroplasmy in an unselected population and analyzed the correlation between heteroplasmy and age. Several previous studies of heteroplasmy have focused on clinically significant mutations associated with mitochondrial disease. However, pathogenic alleles such as G3243 are subject to strong selective pressures that may not be relevant to most mitochondrial polymorphisms. In order to study the phenomenon of heteroplasmy more generally, we used presumably neutral variants. We have noted several advantages that array-based genotyping has over last-hot-cycle PCR for the detection of mitochondrial heteroplasmy. These include: lack of dependence upon suitable RFLPs, avoidance of radioactivity and, most importantly, improved linear range. These shortcomings of the last-hot-cycle technique have been noted previously (29) . Array-based sequencing allows the efficient and simultaneous evaluation of a larger number of sites than either last-hot-cycle PCR or qPCR-based techniques. The use of genotyping arrays has expanded and a mitochondria-specific commercial genotyping array is currently used to identify strongly heteroplasmic sites in clinical samples (30) . We have shown that the sensitivity of the SNP-based microarrays is comparable with qPCR and have correlated array-based data to results obtained using either qPCR or last-hot-cycle restriction digests. The widespread availability of SNP genotyping data including mitochondrial data that have not yet been analyzed may prove to be a facile way to examine the relationships between mitochondrial heteroplasmy and a variety of phenotypes. The detected incidence of heteroplasmy, in 16% of individuals, is likely to be an underestimate. First, the mitochondrial sites evaluated on the array used represent only a fraction of polymorphic sites present within the mitochondrial genome. Furthermore, the use of a stringent cutoff to avoid false detection may necessarily exclude those with true, but lower levels of heteroplasmy. However, the variability of individual sites in this study may overestimate the mutation rate for the genome as a whole, since variation at many sites within the mitochondrial genome could be influenced by counterselection. Our results are in reasonable agreement with a recent study that used a deep sequencing approach of the entire genome, where 24% of the individuals were heteroplasmic (7).
Where relatedness information was available, children with highly heteroplasmic sites had often inherited heteroplasmy from their mothers. However, it was not uncommon to detect new heteroplasmies in children, and the frequent presence of lower level heteroplasmy in infants at positions that became homoplasmic when viewed on a population basis implies that minor heteroplasmies may be created readily during embryogenesis. The presence of unexpected levels of infantile heteroplasmic mutations was also noted in a study of cord blood samples (31) . We captured four instances of transition from one predominant allele to another between two generations in a mother -child pair, all involving mothers who were highly heteroplasmic (Fig. 2) . Our current understanding of the development of heteroplasmy may need to accommodate a more robust view of the potential for generating mitochondrial mutations during fetal life.
We note a general trend towards increasing heteroplasmy with the aging process. This finding correlated with previous investigations that have identified increased heteroplasmy of mitochondrial deletions and control region polymorphisms in older individuals. However, in this study, we find that all regions of the mitochondrial genome are affected, including synonymous and non-synonymous changes within coding sequences. This work is also the first to use individuals across the age spectrum, rather than discrete elderly populations, to observe that changes in heteroplasmy occur throughout the life and do not specifically emerge with senescence.
Of significance, not all variants, even those that are putatively neutral, are treated equivalently. The data for nucleotide 1440 imply that the A1440 allele is counterselected, at least in hematopoetic lineages. A decline in the A1440 allele is seen in the subpopulation where this allele predominates as well as in the larger group where A1440 is more rare. This allele has not been linked to mitochondrial dysfunction or disease. The nucleotide is within the 12S rDNA, and the allele could cause either a subtle effect upon translation or interfere with the activity of mtDNA-binding proteins.
The other site that demonstrated a shift towards a specific allele was 11 467. This polymorphism encodes a synonymous change within the sequence of ND4, but also distinguishes haplogroup populations at the branch point between haplogroups U and R. Because the change is synonymous, any selective effect must relate to a non-coding process such as DNA maintenance, codon preference, mRNA processing or stability. Precedent for such an effect is seen at the haplogroup-defining polymorphism C295T, which is in the non-coding region, but affects mitochondrial transcription factor A binding and mtDNA levels (32). We do not exclude the possibility that other sites within the mitochondrial genome, even those assayed in this study, could have convergent shifts towards one allele that may have been hidden by the low number of individuals in whom the minor allele predominated.
A subset of the sites evaluated became more homoplasmic with aging. A review of the function of these sites did not suggest an obvious pattern (see Supplementary Material, Table S2 ). Of the sites within protein-coding regions, all encoded synonymous changes; other polymorphisms are in tRNA and rRNA and have not been associated with disease. Further study will be required to elucidate why these polymorphisms trend towards homoplasmy.
An understanding of the dynamics of mitochondrial heteroplasmy is pivotal to our comprehension of how mtDNA mutations emerge and regress. The degradation of mtDNA over time could relate to the posited role of the mitochondrion as a biological clock. Understanding the biological basis of these phenomena will be crucial to the development of therapies based upon heteroplasmy and its manipulation.
MATERIALS AND METHODS
Data
We received a waiver from review by the Institutional Review Board at The Children's Hospital of Philadelphia. Samples (n ¼ 2491) with valid age data were obtained (mean age 27.7 years, range 0-60). The samples were assayed using the HumanHap550 and HumanHap610 SNP chips (Illumina). These contain a common set of 138 mitochondrial SNPs. Mitochondrial sequence positions on the Illumina platform do not account for the historical sequence error in the reference genome at nucleotide 3107. To simplify comparisons, we have converted the SNP numbers to align to the rCRS consensus sequence (NC_012920).
Statistical analysis
Individual SNP data points with low call quality were excluded if the log R-value, a measure of signal intensity, was more than two standard deviations below the mean of the log R-value at that particular SNP. At each SNP, individuals were divided into two sets, one where the predominant call was the major allele for the site and one where it was the minor allele. The alleles were evaluated independently. The data were not normally distributed and the correlation between age and B-allele frequency was determined using ranks. P-values were calculated by randomly permuting the data (and hence the ranks) at each position (relative to the ranks of the ages) 10 000 times and determining the rank correlations These 10 000 correlations were compared with the observed correlation to determine the P-value. These P-values were corrected for multiplicity by using Bonferonni. To analyze the variation across the entire mitochondrial genome, the average absolute value of the variation of the B-allele values at each SNP from 1.0 and 0 was calculated and plotted against age using a Pearson correlation since these data were normally distributed. The significance (using a two-sided test) of the Pearson correlation, r, was calculated using a T-distribution with n22 degrees of freedom on the transformed correlation 1/2 log((1 + r)/(1 2 r)).
RFLP analysis
SNPs were evaluated using SNP Cutter (33) . Primers (Integrated DNA Technologies) were used to amplify 50 ng of sample DNA using the last-hot-cycle method (34) . The resulting fragments were digested with the appropriate restriction enzyme and resolved by acrylamide gel electrophoresis. Bands were quantified after exposure to a phosphorimager (GE Healthcare). Reference DNA sequences for quantification were TA-cloned from subject DNA into pCR2.1 (Invitrogen).
qPCR analysis
The qPCR strategy for the selected SNPs was designed using PrimerExpress (Applied Biosystems). Pre-mixed primer and dual-label probe combinations were used to amplify 20 ng sample DNA on a 7900Fast system run in absolute quantitation mode (Applied Biosystems). Cloned DNA (described above) was used to create the standard curve.
